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Abstract
We present a calculation of asymmetric nuclear matter properties in a rela-
tivistic Brueckner Hartree Fock framework. Following other calculations the
components of the self-energies are extracted by projecting on Lorentz invari-
ant amplitudes. It is shown that for asymmetric nuclear matter one needs a
sixth invariant. We present a set of invariants which in the limit of symmetric
nuclear matter reduces to the conventional set. We argue that the existence
of such a properly behaving set is also crucial for the application of the pro-
jection method in symmetric nuclear matter. Results for the equation of state
and other observables are presented. Special attention is payed to an analysis
in terms of mean-field effective coupling constants. Apart from the usual ones
we also find significant strength in the isovector scalar channel, which can be
interpreted as an effective δ-meson.
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I. INTRODUCTION
An important step in understanding the binding properties of nuclear matter was made
with relativistic approaches to nuclear interactions. They were capable to resolve to a large
extent the longstanding problem of the underestimation of the binding energy of nuclear
matter found in non-relativistic calculations. Conceptually, the relativistic theory provides
a very natural link to modern boson exchange interactions and - at least in principle - relates
in-medium interactions to free space nucleon-nucleon (NN) scattering.
Applications have mostly been concentrating on the description of symmetric nuclear
matter [1–5]. Although being different in theoretical and numerical details the various
approaches are in rather close agreement on the bulk properties of nuclear matter. Inves-
tigations of asymmetric nuclear matter, however, are rare, most of them of a very recent
date [6–9]. One reason is certainly that up to very recent years the data base on asymmetric
systems was rather limited because stable nuclei range around Z/A ≃ 0.5 with a rather small
bandwidth of variations. Asymmetric matter was mainly of theoretical interest, except for
astrophysical studies, as the structure of neutron stars [10]. The situation has changed com-
pletely with the new radioactive beam facilities producing now new isotopes in a sufficiently
large amount for detailed studies. The isospin degree of freedom in the nuclear equation
of state can be investigated for the first time over a much larger range of proton-neutron
asymmetries as before. At present, the largest asymmetries produced experimentally are
obtained for light dripline nuclei (Z/A = 0.2 · · ·0.3 for the heavy isotopes of He to oxygen
nuclides) which is about a factor of 2 less of the asymmetries found in stable nuclei. In
the near future an increasing amount of data for nuclides all over the mass table can be
expected.
It is obvious that the properties of asymmetric matter are of high interest for nuclear
structure at the proton and neutron driplines and vice versa. The isospin dependence of
the nuclear equation of state is to a large extent unexplored. Extrapolations of the nuclear
mass formula into the regions of new isotopes persistently result in strong deviations from
measured binding energies. The same is found for structure calculations with seemingly well
established effective interaction models as the non-relativistic Skyrme energy functional.
Although the parameters of Skyrme interactions are derived empirically and the various
model interactions reproduce the properties of stable nuclei very well the predictions for
nuclei far off stability are found to differ drastically. Similar observation are also made for
relativistic mean-field theories. Thus, the question arises to what extent the asymmetry, i.e.
isospin dependent contributions to the Bethe-Weisza¨cker mass formula are really understood.
It is apparent that systematic studies of asymmetric matter are required. In this work
we describe asymmetric nuclear matter in the relativistic Brueckner-Hartree-Fock (RBHF)
approach. Compared to symmetric matter the theoretical and numerical efforts, respectively,
are much larger because protons and neutrons are occupying different Fermi spheres. This
implies different effective masses for protons and neutrons and the two sorts of particles cover
a different range of off-shell momenta. Hence, it can be expected that beside the isospin
also the momentum dependence of self-energies will be of importance. As noted before,
asymmetric matter requires to solve a system of coupled equations for the set Tτ1,τ2,τ3,τ4 of in-
medium proton-neutron T-matrices, where τ = ±1 denote a proton or neutron, respectively.
We perform our calculation in a plane-wave spinor basis in which we have neutrons and
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protons as distinguishable particles. This implies that we also take into account partial-
wave amplitudes that are zero in symmetric nuclear and neutron matter, where the masses
are equal and isospin is a good quantum number. It is not clear whether other calculations
take these amplitudes into account. Details of the theoretical formulation are discussed in
Sect. 2.
A central point of the discussion is the derivation of a new asymmetry dependent invari-
ant. Traditionally, the positive energy-projected in-medium on-shell T-matrix is expressed
in terms of five Lorentz invariant amplitudes (see Eq.(2.7)). This standard set of invariants
is known to be not unique because each can be replaced by its derivative counterpart. A well
known example is the ambiguity found by changing from the pseudo-scalar to the pseudo-
vector π − NN coupling. A proper treatment avoiding such ambiguities is to solve the
in-medium scattering problem for the full Dirac-space including also negative energy states.
Such an approach was applied by Huber et al. [8] using the so-called Λ-approximation. In
our approach we continue to use the projected T-matrix. To do so we need to introduce
a sixth invariant since in asymmetric matter there are six independent helicity amplitudes.
Clearly, the new invariant must be defined such that the description of symmetric matter
is conserved. A promising guideline is to consider an amplitude which approaches zero for
equal proton and neutron effective masses. Such an amplitude will vanish in symmetric mat-
ter and thus fulfills the constraint mentioned above. In order to account for the differences
in Tnp,np and Tnp,pn one actually has to define separate invariant amplitudes for the direct
and the exchange channel. In the direct channel a vector-scalar and in the exchange channel
a pseudovector-pseudoscalar combination is required. However, only the direct amplitude
contributes to the proton/neutron self-energies.
Results for the equation of state for nuclear matter at various degrees of asymmetry are
discussed in Sect. 3. Particular emphasis is put on the momentum structure of self-energies.
We define effective isoscalar and isovector self-energies which directly characterize the mean-
field of asymmetric nuclear matter. The dependence of the equation of state on the isovector
density is tested and compared to the prediction of the mass formula of being quadratic.
The paper closes in Sect. 4 with a summary and conclusions.
II. THEORETICAL FRAMEWORK
The implementation of the RBHF model we use is identical to the one presented in Ref.
[4], an account of a calculation for asymmetric nuclear matter can be found in Ref. [6]. We
will only briefly review the concepts of the relativistic Brueckner model, but will elaborate
further on an omission in the calculation of Ref. [6].
The central quantity in the model is the self-energy, in the RBHF model it has a structure
in the spinor representation, expressed by scalar and vector components:
Σ(p) = Σs(p)− γ0Σ0(p) + γ¯ · p¯Σv. (2.1)
Inserting this form of the self-energy into the Dirac equation, it is natural to define ’effective’
quantities by
m∗ = mN + Σ
s(p), p∗0 = p0 + Σ
0(p), p¯∗ = (1 + Σv(p))p¯. (2.2)
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This can be simplified further by dividing out the (small) Σv term [3,4]: m∗ = mN +
Σs(p)/(1 + Σv(p)). One thus finds a solution of the ’dressed’ Dirac equation; the effective
spinor:
u∗r(p¯) =
(
E∗p +m
∗
2m∗
) 1
2

 1σ¯ · p¯
E∗p +m
∗

χr, (2.3)
with E∗ =
√
p¯2 +m∗2. The self-energy is found to depend only weakly on the momentum
at least inside the Fermi-sphere: in the practical calculation it is taken constant and set to
the value at the Fermi-surface. This greatly simplifies the calculations.
Obviously in asymmetric nuclear matter the Fermi-momenta of protons and neutrons
are different, leading to different Pauli-blocking operators and corresponding neutron and
the proton self-energies. This asymmetry is also reflected in the fact that one has three dif-
ferent effective interactions, represented by three different T -matrices: Tpp,pp (proton-proton
scattering), Tpn,pn/np (proton-neutron scattering) and Tnn,nn (neutron-neutron scattering).
In the Brueckner scheme these are calculated by:
Tnn,nn = Vnn,nn +
∫
Vnn,nngnnTnn,nn
Tpp,pp = Vpp,pp +
∫
Vpp,ppgppTpp,pp
Tnp,np = Vnp,np +
∫
Vnp,npgnpTnp,np +
∫
Vnp,pngpnTpn,np
Tpn,np = Vpn,np +
∫
Vpn,npgnpTnp,np +
∫
Vpn,pngpnTpn,np (2.4)
Note the coupled channels for Tnp, we also stress that Vnp,pn is not related by a Fierz-
transform to Vnp,pn: in Vnp,pn we have neutron-proton vertices on which only the isospin-1
mesons contribute. It immediately follows that the same holds for the T -matrices: Tnp,np is
not related to Tnp,pn. The 2-body propagators gij are the usual ones as they appear in the
three-dimensionally reduced Thompson equation:
gij =
m∗i
E∗i
m∗j
E∗j
Q¯ij(P,
√
s∗, p)√
s∗ −E∗i −E∗j + iǫ
, (2.5)
where Q¯ij is the angle averaged Pauli blocker of the intermediate momentum p, a function of
the total momentum P and invariant mass
√
s∗, its parameters depend on the appropriate
Fermi-momenta pf,i/j. After obtaining a solution for the T -matrices, the self-energy is then
calculated using a Brueckner-type expression:
ΣN =
∫
Tr
[
TAnngn
]
+
∫
Tr
[
TAnpgp
]
, (2.6)
where TAnp stands for Tnp,np(θ = 0)−Tnp,pn(θ = π). For the proton self-energy the expression
is completely similar. We will specify these expressions further later on. For the moment we
note that the integrations extend over the neutron and proton Fermi sea, respectively. This
calculation is repeated until a self-consistent solution for the self-energy is found. With the
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self-consistent self-energy one then can calculate quantities like binding energy and single-
particle energies.
In our implementation of the relativistic Brueckner model we calculate the self-energy
by decomposing the various T -matrices in Lorentz invariant amplitudes [3]. This boils down
to transforming the spin-representation to spinor-representation. The contributions of the
various amplitudes to the components of the self-energy are then easily found. In the case
of identical particles (to be more precise, particles with equal mass), five amplitudes are
needed for the decomposition of the on-shell T -matrix. We use a set of invariants including
the pseudo-vector coupling. In the c.m. system we then have:
〈p′|T (P,√s∗)|p〉 =∑
i
Γi(P,
√
s∗, p′, p)Φi
Φi = [u¯
∗(p¯′)fiu
∗(p¯)] [u¯∗(−p¯′)fiu∗(−p¯)]
fi ∈ {1, γµ, σµν , γ5γµ, 6qγ
5
2m∗
}. (2.7)
With q the transferred momentum: q = p′ − p. For the on-shell scattering matrix elements
we have in the c.m. frame |p′| = |p| and √s∗ = E∗i + E∗j . To calculate the self-energy one
needs the amplitudes for the direct (θ = 0, p¯′ = p¯) and exchange (θ = π, p¯′ = −p¯) seperately.
At these points the set of invariants is degenerate, this is solved by decomposing at small
angles and extrapolating to θ = 0, π. In Ref. [3] it is shown that this limit exists.
It has often been noted this particular set of invariants is not unique. One can always
replace an invariant with its derivative counterpart, we did this by using the pseudo-vector
invariant instead of the pseudo-scalar invariant. In this specific case one finds the same co-
efficient Γi since the T -matrix is on-shell, but the contribution to the self-energy is different.
However, the contribution to the total energy (found by sandwiching the self-energy between
effective spinors) is the same for a given T -matrix. In a self-consistent calculation there will
be a difference due to the fact that the self-consistent self-energy will be different, and thus
the T -matrix is different. One guideline to limit the freedom in the choice of invariants is to
require that one uses the same vertices in the invariant amplitudes as appear in the OBE
interaction. Since we have a pseudo-vector coupling for the pion, we thus also have to use
the pseudo-vector invariant in the projection.
To avoid this ambiguity one has to calculate the scattering in the complete Dirac space,
as is done e.g. in Ref. [8]. For the unique decomposition one needs u¯∗(p¯)Σ(p¯)u∗(p¯),
u¯∗(p¯)Σ(p¯)v∗(p¯) = v¯∗(p¯)Σ(p¯)u∗(p¯) and v¯∗(p¯)Σ(p¯)v∗(p¯). In our calculation we only have the
amplitude between positive energy spinors (the mean-field generated by the self-energy).
Two different decompositions of the self-energy Σ,Σ′ need to give the same value for the
mean-field: u¯∗(p¯)Σ(p¯)u∗(p¯) = u¯∗(p¯)Σ′(p¯)u∗(p¯). One can easily check that up to O(p4/m∗4)
this implies for the components Σ′s = Σs − α, Σ′0 = Σ0 − α and Σ′v = Σv − α/2m∗. The
‘ambiguity’ coefficient α will of course depend on density and momentum. Inserting this in
the expression for the renormalized effective mass we see that this is shifted by a quantity
much smaller than α. Typically, an error of 100 MeV leads to a shift of ∼ 40 MeV in the
renormalized effective mass. From the above it follows that any approximate method for
the decomposition of the self-energy will still give fair results for quantities that involve only
the mean-field, like the binding energy.
In the case of particles having different masses, the helicity matrix elements cease to be
symmetric under exchange of particles. Since the number of invariants needed to decompose
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the T -matrix is equal to the number of independent helicity matrix elements after exhausting
all the symmetries, the loss of this symmetry implies that one needs additional invariants
to decompose the T -matrix. Appearantly this was not considered in Ref. [6]. For the on-
shell np T -matrix, needed for the calculation of the self-energy, six invariants are required.
Although it is relatively easy to find additional invariants that span the six-dimensional
space of the six independent helicity matrix elements, the problem is that we need to have
a decomposition that reduces to the one used in the symmetric case. With this we mean
that the coefficient of the additional, sixth, amplitude should approach zero in the limit of
equal masses. Obviously this is not a trivial requirement.
Since Tnp,np and Tnp,pn are different we can choose invariants for the exchange and direct
amplitudes independently. We encountered a similar situation for the N∆ scattering matrix
[11]. For the present case we found the following invariants which satisfy the above criterium:
Φdir6 = [u¯
∗
n(p¯
′) 6ku∗n(p¯)]
[
u¯∗p(−p¯′)u∗p(−p¯)
]
+ [u¯∗n(p¯
′)u∗n(p¯)]
[
u¯∗p(−p¯′) 6ku∗p(−p¯)
]
,
Φexch6 =
[
u¯∗n(p¯
′)γ5 6ku∗p(p¯)
] [
u¯∗p(−p¯′)γ5u∗n(−p¯)
]
+
[
u¯∗n(p¯
′)γ5u∗p(p¯)
] [
u¯∗p(−p¯′)γ5 6ku∗n(−p¯)
]
, (2.8)
where we used standard definitions from scattering theory k = p1− p4 which results in k0 =
E1 −E4, k¯ = p¯+ p¯′. The numerical indices are the particle numbers (1 and 2 are incoming,
3 and 4 outgoing), the indices n, p denote a neutron and a proton spinor respectively. The
amplitude in the exchange channel is antisymmetric under exchange of particles, even when
the masses are equal (the other invariants are symmetric under exchange of particles). This
does not mean that it is not a valid invariant, but it results in a vanishing coefficient for
equal masses, which is exactly what we required. We were unable to find an invariant
with this property for the direct channel, but the one given above does have a vanishing
coefficient for equal masses. In both invariants the momentum k appears. This makes
it impossible to interpret them as some sort of meson channel since a meson carries a
momentum q = p1 − p3. To us there is no straightforward interpretation of these invariants
beyond that they are needed to project out the T -matrix in the np channel. This T -matrix
spans up a six-dimensional space in spin-space, and we therefore need a six-dimensional
basis in spinor space for the basis transformation from spin to spinor representation. We
want to stress again that it is crucial for the description of symmetric nuclear matter that
for asymmetric nuclear matter we have a set of six invariants that behaves properly in the
limit of symmetric nuclear matter (equal proton and neutron masses). If we could not find
such a set, the method of extracting self-energies in symmetric nuclear matter by means of
invariant amplitudes would have an additional ambiguity since the self-energies would not
be a continuous function of the asymmetry parameter.
Inserting the decomposition in the expression for the self-energies we find:
Σn(pf,n) =
∫ pf,n
0
d3q
(2π)3
1
2E∗q,n
∑
i
{
f iTr[( 6q∗ +m∗n)f i]Γidir,nn − f i( 6q∗ +m∗n)f iΓiexch,nn
}
+
∫ pf,p
0
d3q
(2π)3
1
2E∗q,p
∑
i
{
f iTr[( 6q∗ +m∗p)f i]Γidir,np − f i( 6q∗ +m∗p)f iΓiexch,np
}
. (2.9)
Working out the Dirac algebra, we find the components of the self-energy expressed in terms
of the various Γα(s∗, P ). Taking the Fermi-momentum pf along the z-axis and transforming
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to the c.m.-defining variables s∗ = (p1 + p2)
2 and P = p¯1 + p¯2 we have for the scalar and
vector components of the self-energy at the Fermi-surface
Σsn(pf,n) =∫ 4p2
f,n
0
dP 2
∫ s∗max,n
s∗
min,n
ds∗
1
32π2pf,n
m∗n
E∗pf,n + E
∗
q,n
×(4Γsdir,nn − Γsexch,nn − 4Γvexch,nn − 12Γtexch,nn + 4Γavexch,nn +
m∗n
2 − pµf,nqµ
2m∗n
2
Γpvexch,nn) +
∫ 4p2
f,p
0
dP 2
∫ s∗max,p
s∗
min,p
ds∗
1
32π2pf,n
m∗p
E∗pf,n + E
∗
q,p
×(4Γsdir,np + 4
pµf,nqµ −m∗p2
m∗p
Γ6dir,np − Γsexch,np − 4Γvexch,np − 12Γtexch,np + 4Γavexch,np
+
2(m∗p
2 − pµf,nqµ)−m∗p2 +m∗n2
(m∗n +m
∗
p)
2
Γpvexch,np), (2.10)
Σ0n(pf,n) =∫ 4p2
f,n
0
dP 2
∫ s∗max,n
s∗
min,n
ds∗
1
32π2pf,n
E∗q,n
E∗pf,n + E
∗
q,n
×(−4Γvdir,nn + Γsexch,nn − 2Γvexch,nn − 2Γavexch,nn −
E∗pf,n
E∗q
m∗n
2 − pµf,nqµ
2m∗n
2
Γpvexch,nn) +
∫ 4p2
f,p
0
dP 2
∫ s∗max,p
s∗
min,p
ds∗
1
32π2pf,n
E∗q,p
E∗pf,n + E
∗
q,p
×(−4Γvdir,np − 4m∗p
E∗pf,n −E∗q,p
E∗q,p
Γ6dir,np + Γ
s
exch,np − 2Γvexch,np − 2Γavexch,np
− 2E
∗
pf,n
(m∗p
2 − pµf,nqµ)− E∗q,p(m∗p2 −m∗n2)
E∗q,p(m
∗
n +m
∗
p)
2
Γpvexch,nn) (2.11)
Σvn(pf,n) =∫ 4p2
f,n
0
dP 2
∫ s∗max,n
s∗
min,n
ds∗
1
32π2pf,n
m∗n
E∗pf,n + E
∗
q,n
×(−4Γvdir,nn + Γsexch,nn − 2Γvexch,nn − 2Γavexch,nn −
pf,n
qz
m∗n
2 − pµf,nqµ
2m∗n
2
Γpvexch,nn) +
∫ 4p2
f,p
0
dP 2
∫ s∗max,p
s∗
min,p
ds∗
1
32π2pf,n
qz
E∗pf,n + E
∗
q,p
×(−4Γvdir,np − 4m∗p
pf,n − qz
qz
Γ6dir,np + Γ
s
exch,np − 2Γvexch,np − 2Γavexch,np
− 2pf,n(m
∗
p
2 − pµf,nqµ)− qz(m∗p2 −m∗n2)
qz(m∗n +m
∗
p)
2
Γpvexch,np). (2.12)
q is the momentum of the integrated particle in the nuclear matter rest-frame, found by
applying the inverse transform to the set (s∗, P ) Also pµf is the on-shell four-momentum of
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the incoming particle, taken at the Fermi momentum, so p0f,i = E
∗
i . The integration limits
are given by s∗min,i = (E
∗
pf,i
+E∗qmin,i,i)
2−P 2 with qmin,i = |P −pf,i| and s∗max,i = 4E∗pf,i2−P 2.
The index i stands for either a neutron or a proton; pf,i are the respective Fermi-momenta
and E∗p,i = (p
2 +m∗i
2)1/2.
The coefficient Γ6exch,np does not appear in the expressions for the self-energy: for θ = π,
k¯ = 0 and since the extrapolated Γ6exch,np is finite (we checked this by renormalizing the
invariant by dividing by |k|) it does not contribute to the self-energy.
III. RESULTS
In Fig. 1 we present the results for the equation of state for various values of the
asymmetry parameter Z/A using the Groningen potential [4]. Following Ref. [6] we used an
’averaged’ Fermi momentum defined by:
ρ =
2
3π2
p¯3f =
1
3π2
p3f,p +
1
3π2
p3f,n. (3.1)
In the calculation it turns out that the contribution of the sixth invariant is negligible,
although it of course indirectly affects the results by influencing the values of the other
coefficients. Overall the results look pretty much like the ones presented in Refs. [6–9]. In a
way this is not surprising because the results for Z/A = 0.5 (nuclear matter) and Z/A = 0
(neutron matter) are unaffected by the sixth invariant. The binding energy curves for
intermediate values of Z/A will lie between these two extreme curves, which does not provide
a large freedom. A more quantitative measure of the equation of state is the asymmetry-
energy coefficient a4, multiplying the 4(Z−A)2/A term in the semi-empirical mass-formula.
As has been argued in [6] one should use the binding energies at the various saturation
points in the determination of this coefficient and we determine a4 by
a4 =
1
4
∂2
∂ξ2
Eb(ξ) |ξ=Z/A,ρ=ρeq(Z/A) . (3.2)
Using this prescription we find for the Groningen potential a4 = 25 MeV. Recalculating it for
the Bonn C potential [2] we find a sightly larger value of 28 MeV. In the literature one finds
a rather wide range of phenomenological values. Older ones tend to give lower values, e.g.
in [12] a value of a4 = 23.7 MeV is given, a more recent liquid drop model calculation cites a
result in the range 27-30 MeV while a very recent work comes up with a4 = 32.65 MeV [13].
Our result also shows that extracting the asymmetry coefficient via fitting self-energies only
for symmetric nuclear and neutron matter, as is done e.g. in Ref. [14], gives much too large
results. These authors find values of 35 MeV and higher. We also note that although for
the binding energy we find a nice quadratic dependence on the asymmetry parameter, this
is not the case for the other quantities like effective masses and self-energies (taken at the
respective Fermi-momenta). There we find a dependence which is more linear in character.
In studying the momentum dependence of the self-energies it is convenient to define
isoscalar and isovector quantities. For a given observable O we set
Os =
1
2
(On +Op), Ov =
1
2
(On −Op), (3.3)
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In Fig. 2 we show the isoscalar and isovector mean-field as a function of the relative momen-
tum p/pf , calculated at the respective saturation densities for each asymmetry parameter.
As in Refs. [4,5] we define the mean-field as the shift in the pole of the nucleon propagator
due to the medium correlations. We see that up to an asymmetry parameter of 0.3 the
isovector mean-field is rather independent of Z/A. There are some minor differences, but
the slope is essentially the same. Only at Z/A = 0.2 we find a deviation, this might be
due to the fact that we calculate the mean-field at the saturation density, which is different
in this case. The isovector mean-field shows more structure. We observe the intuitively
expected increasing difference with increasing asymmetry (corresponding to a lower value of
Z/A). However, there is no quadratic dependence on the density A significant dependence
on the momentum is found for high momenta, while inside the Fermi-seaa smooth behaviour
is obtained.
We show a similar analysis for the isovector components of the scalar and vector self-
energy. The isovector scalar and vector self-energies can be interpreted as a ‘effective’
δ-meson and ρ-meson strengths. Again we see a notable momentum dependence, similar to
the one observed in the isovector mean-field.
It is also interesting to analyze our results in terms of mean-field effective coupling
constants. This is particulary useful in calculations of finite nuclei [15]. As in the analysis
above, we have four channels, both a scalar and vector in either the isoscalar and isovector
channel. For this analysis we ignore the momentum dependence and calculate the self-energy
of both the neutron and proton at the average Fermi-momentum as defined in Eq. 3.1. The
effective coupling constants are then defined by:
(
g∗σ
mσ
)2
= −1
2
Σsn(p¯f) + Σ
s
p(p¯f )
ρsn + ρ
s
p(
g∗ω
mω
)2
= −1
2
Σ0n(p¯f) + Σ
0
p(p¯f )
ρvn + ρ
v
p(
g∗δ
mδ
)2
= −1
2
Σsn(p¯f)− Σsp(p¯f)
ρsn − ρsp(
g∗ρ
mρ
)2
= −1
2
Σ0n(p¯f)− Σ0p(p¯f)
ρvn − ρvp
, (3.4)
where ρsi and ρ
v
i are the usual scalar and vector densities from relativistic mean-field theory
[19]. The results are presented in Fig. 4. As one intuitively expects, the scalar and vector
isoscalar channels carry the largest strength. The dependence on the asymmetry parameter
is small but we do observe a strong dependence on the density. For the densities presented in
the figure, which range from half to double normal nuclear matter density, the dependence is
predominantly linear in the Fermi momentum except for the isovector scalar channel. There,
a significant dependence on higher orders in pf and the asymmetry is found. This is in agree-
ment with the finding of Boersma and Malfliet for their density dependent parametrization
of the G-matrix. They strongly favour a density dependence of the coupling constants linear
in pf as well [16], over other possibilities like the exponential dependence of Marcos et al.
[17]. The strength in the isovector channels is smaller although equal in both the scalar and
vector channel. The significant scalar strength in the isovector channel suggests that for fits
using only a limited number of meson, like the one of Ref. [17] one certainly needs to include
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a δ-meson as well. For densities corresponding to pf > 0.24 GeV/c we again find negligible
dependence on the asymmetry parameter and a linear dependence on the Fermi momentum.
We find a positive sign for g∗δ
2, which is not the case when one uses the momentum depen-
dence of the single-particle energy to extract the scalar and vector self-energy components
[18]. Note that since our decomposition of the self-energy is not unique the same holds for
this analysis in terms of effective coupling constants. However, we think our approximate
method still will be able to indicate trends. Still, both the neutron and proton self-energy
will have an ‘error’ αn,p. If these are very different due to e.g. a strong dependence on the
momentum, one can obtain spurious results in the isovector channels as the negative sign of
g∗δ
2 indicates when using the momentum dependence method.
Below pf ∼ 0.24 GeV/c the density dependence changes and an enhancement of the
isovector couplings is found at large asymmetry. Most probably this is related to the ap-
pearance of bound states related to pairing, which typically appear at low densities in a
Brueckner approach. In that sense the Brueckner scheme is an intermediate-density ap-
proximation, losing its physical significance at low densities. At low densities the Brueckner
independent-pair assumption ceases to be valid because of the onset of the pairing instability
and the approach of the deuteron bound-state pole in the np-channel. For Z/A = 0.2 the
proton density is already very low, and one starts to see the onset of pairing correlations. A
similar behaviour can be observed in the density dependent parametrization of the former
results of Ref. [6] by Marcos et al. [17].
The widely used relativistic mean-field theories (RMT) [19,20] are based on Lagrangians
including σ, ω and ρ mesons. Density independent meson-nucleon coupling constants ob-
tained phemomenologically from fits to nuclear properties are used. In Tab. I our DB
coupling constants, taken at the saturation density ρ0=0.16 fm
−3, are compared to standard
density independent values from the σ-ω model (without scalar self-interactions) [19]. For
comparison also the density dependent DB isoscalar scalar and vector coupling constants
of ref. [21] are shown which in [15] were found to describe nuclear properties very well. In
the isoscalar channels the two DB sets are in rather good agreement and both calculations
reproduce almost perfectly the purely phenomenological RMT coupling constants. It is also
worth noting that in the isoscalar channel the effective coupling constants at saturation den-
sity are remarkably close to the ‘bare’ values as they appear in the interaction. This means,
that around these densities the higher order effects generated by the Brueckner ladder are
small. We therefore should find only small dependencies on e.g. the asymmetry, which we
do observe. In the isovector channel the situation is totally different, there the effective
coupling constants are much larger than the bare values. This implies that the (density
and asymmetry dependent) higher order effects due to the Brueckner ladders are significant.
Indeed, we see a pronounced dependence on asymmetry and density of the effective coupling
constants of the effective isovector mesons.
Most important and conclusive for field theoretical models are the results for the isovec-
tor channels. The DB and RMT ρ coupling appear to be surprisingly close but is has to
be noted that the isovector RMT coupling constants are not well determined. In fact, there
exist other RMT parameter sets [19] obtained from fits to finite nuclei with slightly different
isoscalar couplings but about twice as large values for g2ρ. From Tab. I it is seen that the
isovector-scalar and the isovector-vector DB couplings are of comparable strength. This
result gives clear evidence that the δ-meson should be included in effective field theories.
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The scalar coupling of the δ meson has important consequences for the dynamics in N 6=
Z systems. Because protons and neutrons will carry different effective masses they become
dynamically distinguishable while the ρ meson leads primarily to energy shifts. Most impor-
tant for applications to finite nuclei is that isovector effects in the spin-orbit potential will
be enhanced as required by single particle spectra in charge asymmetric nuclei. Inclusion of
the δ meson might help to resolve the uncertainties in the RMT isovector sector.
IV. CONCLUSIONS
We presented a calculation of asymmetric nuclear matter in a relativistic Brueckner
framework. To extract the components of the self-energies we used the method of projecting
on Lorentz-invariant amplitudes. We found that for asymmetric nuclear matter a sixth
invariant is needed on top of the conventional set of five invariants as for example used in
Refs. [4,5]. This sixth invariant has to be chosen in such a way that for an asymmetry
parameter close to 0.5 its coefficient has to vanish so that one recovers the usual description
of symmetric nuclear matter in terms of five Lorentz-invariant amplitudes. We presented
a choice of this sixth invariant that satisfies this criterium. With this model we performed
calculations for several observables. The binding energy of the saturation point showed the
expected quadratic dependence on the asymmetry parameter. For the asymmetry energy
we found a value of around 25 MeV. We analysed our results in terms of mean-field scalar-
vector isoscalar-isovector quantities. Apart from the expected scalar-vector strength in the
isoscalar channel we also found significant scalar strength in the isovector channel. This can
be interpreted as an effective δ-meson, which couples as strong as the effective isovector-
vector ρ-meson. Finally, we found a density dependence linear in the Fermi momentum of
the effective coupling constants, which was also observed in other calculations [16].
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FIG. 1. The binding energy as a function of the density for proton ratios Z/A ranging from 0
(neutron matter) to 0.5 (nuclear matter).
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FIG. 2. The iso-scalar and iso-vector components of the mean-field for various asymmetry
parameters. The mean-fields are evaluated at the saturation density for the respective asymmetry
parameter. The momentum is given relative to the average Fermi-momentum as defined in the
text.
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FIG. 3. The isovector components of the scalar and vector components of the self-energy for
various asymmetry parameters. These are evaluated at the saturation density for the respective
asymmetry parameter. The momentum is given relative to the average Fermi-momentum as defined
in the text.
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FIG. 4. The effective coupling constants in the isoscalar scalar (gσ), and vector (gω) and the
isovector scalar (gδ) and vector (gρ) as defined in the text for various asymmetry parameters and
densities.
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TABLES
Meson g2DB/4pi g
2
HW /4pi g
2
RMT /4pi Mass [MeV]
σ 7.82 7.51 7.29 550
ω 12.10 11.52 10.84 783
ρ 2.97 - 2.93 770
δ 4.61 - - 983
TABLE I. DB coupling constants taken at saturation density ρ=0.16 fm−3 of the present work
(first column) and from ref. [21] (second column, obtained from the Bonn A NN-potential) are
compared to RMT values [19] (third column). The meson masses used to derive the coupling
constants from the results of Fig.2 are displayed in the last column.
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